Introduction
Carbon nanotubes (CNTs) have been taken a growing interest because of their high mechanical strength and unique electronic properties. Since their discovery, there have been many efforts to develop various electronic devices and sensors [1] [2] . The authors have also validated the possibility of a highly sensitive strain sensor using popular resin in which multi-walled CNTs (MWCNTs) were dispersed uniformly [2] . It is, however, indispensable for clarifying the mechanism of the change of the electronic state of a deformed CNT for assuring the stable performance of the sensor because the reported sensitivity has ranged widely [3] [4] . In this study, the relationship between the deformation characteristic of a CNT caused by an applied external force and its electronic conductivity was analyzed quantitatively by using molecular dynamics (MD) and density functional theory (DFT). Based on the analytical results, a two-dimensional strain sensor was developed by applying buckling deformation-induced conductivity change of MWNTs by using MEMS technology.
Deformation of a CNT under uni-axial strain
Deformation characteristics of CNTs under axial strain were analyzed by using MD simulations. (17, 0) CNT was modeled and Tersoff potential was used for the simulations. Figure 1 shows the distribution of C-C bond length in the CNT under uniaxial strain. The change of average values of the bond length is shown in Fig. 2 as a function of the amplitude of the applied strain. The bond length varied widely and the average value increased monotonically as the applied tensile strain increased. When uni-axial compressive strain was applied to the CNT, the CNT showed simple shrinkage deformation in the compressive strain range less than 3% and thus, the average bond length decreased monotonically. The average bond length, however, increased monotonically once the applied compressive strain exceeds 3%, at which buckling deformation started to occur. The distribution range of the C-C bond length around the buckled area became larger than those of non-buckled areas as shown in Fig. 1(c) . The circular shape of tube was distorted significantly and the C-C bond length was elongated clearly even under the compressive load. Since the buckling deformation of CNTs causes a very complicated strain distribution in the deformed tube, the clarification of the change mechanism of the electronic state of CNTs is very important for developing a strain sensor or electronic devices. 
Change of electronic state of CNTs
In order to investigate the effect of bending or buckling deformation of CNTs on their local electronic conductivity, (9,0) CNT under axial and radial strains was used for the analysis. The radial strain of the CNT was considered to the deformation of the circular cross-sectional shape to the deformed elliptical one. The semi-major axis of the ellipse can be written R = (1 + ε R ) R 0 , where ε R is the radial strain and R 0 is the radius of the original (9, 0) CNT, 3.5 Å. The amplitudes of the axial and the radial strains were varied -5% to 20% and 0% to 30%, respectively. Figure 3 summarizes the effect of the radial strain on the electronic band gap of the CNT under the axial tensile strain. When the radial strain is 0 %, the magnitude of the band gap of the CNT was changed drastically depending on the amplitude of the axial strain. The band gap values were increased with the increase of the applied axial strain. On the other hand, when the radial strain was applied to the CNT under different axial strain, band gap values of most CNTs decreased monotonically. In some cases, the radial strain was found to cause the drastic change of the band structure from metallic one to semiconducting one. This result clearly indicates that the electronic band structure and the electronic conductivity of the CNT vary drastically due to not only axial strain but also radial strain. Thus, the resistance of a CNT changes drastically when a CNT is buckled under compressive strain.
Development of two-dimensional strain sensor using MWCNTs
In the previous sections, we showed that buckling deformation of a CNT causes the drastic change of its conductivity. Based on the analytical result, a two-dimensional strain sensor has been developed using the buckling deformation-induced change of the conductivity of MWCNTs by applying MEMS technology.
MWCNTs were grown on a Si substrate by applying a chemical vapor deposition (CVD) method. Acetylene gas (C 2 H 2 ) was applied to the deposition of MWCNTs. The gas was diluted by nitrogen (N 2 ) gas by about 15%. The pressure during the deposition was fixed at 0.1 MPa and the deposition temperature was fixed at 750 ºC. Before the deposition of MWCNTs, nano-scale iron particles were deposited on a Si wafer as catalysts by sputtering. It was found that the shape of the grown MWCNTs was almost straight when the average thickness of the iron particles was less than 10 nm, as shown in Fig. 4(a) . When the shape of the MWNT is straight, the expected gauge factor along the longitudinal direction of the tube should be high and thus, this structure can be applied to an uni-axial strain sensor.
A tow-dimensional array of vertically aligned 30 µm long MWCNT bundles was grown on a Si wafer as shown in Figs. 4(c) and 4(d) . The change of the resistance of the grown MWCNTs was measured by a 4-probe method. Both the change of the resistance along the longitudinal direction of the line and that perpendicular to the line can be measured by using the thin-film interconnections as shown in Fig. 4(c) . In addition, the effect of hydrostatic pressure applied to the wafer on the change of the resistance was measured for discussing the possibility of the application of this sensor to a pressure sensor. Fig. 5 shows an example of the measured resistance change of a test sensor caused by applied pressure. The resistance increased almost linearly with the amplitude of the applied pressure and the measured gauge factor was about 0.71. This sensitivity varied from 0.1 to 100, sensor by sensor. The residual deformation of the MWCNTs was observed by scanning electron microscope (SEM) after the application of pressure and it was confirmed that plastic deformation of the MWCNTs remained in samples as shown in Fig. 4(b) . These results indicate that occurrence of buckling deformation of the MWCNTs is indispensable for obtaining the high sensitivity of the CNT strain sensor.
Conclusion
The relationship between the deformation characteristic of a CNT caused by applied strain and its electronic state was analyzed by using MD and the first principle calculation. It was found that buckling deformation of a CNT induces the complicated change of C-C atomic distances around buckled areas and the drastic change of the conductivity of the deformed CNT. Based on these analyses, a two-dimensional strain sensor has been developed using MWCNTs array. The developed test sensors showed the possibility of the development of highly sensitive two-dimensional strain sensors. 
